WHAT DOES THIS MEAN FOR PATIENTS? {#hoz031s10}
=================================

The first few days of conception (before embryos attach to their mother's womb) are a critical period where the embryo adapts to its surroundings, which could have a long-lasting impact on the growth and health of babies, long after their birth. In the IVF laboratory, human embryos are grown in a growth-supporting solution (liquid) inside incubators containing specific concentrations of oxygen and other gases before being transferred to the mother. This study aimed to determine whether key aspects of the IVF laboratory environment affected the chances of having a healthy single baby (measured as LBR and BW) using a large national survey that collected information about the range of clinical and laboratory practices in IVF clinics across the UK.

Our results show that the type of solution that embryos are grown in has a small effect on whether a baby is born alive, but not on weight at birth. However, we also saw that growing embryos in the laboratory for a longer time (5--6 days, compared to the standard 2--3 days) increased LBR, but also increased the chance of babies being born prematurely. We also noted very strong differences between individual clinics in both LBR and the BW of babies born in that clinic, which could not be explained by our survey results. We therefore think that these differences could be related to other clinical or laboratory practices that we did not record. The results of this large UK study add to previous studies, which have generally not shown an advantage of one culture solution type over another.

Introduction {#sec1}
============

IVF-conceived children accounted for almost 3% of UK babies born in 2016 ([@ref41]; [@ref19]), and approximately 8 million have been born worldwide over the past four decades ([@ref30]). Although the great majority of IVF children are born healthy, it has been established that IVF singletons have an increased risk of poor neonatal outcomes, including low birth weight (LBW), preterm birth (PTB) and small for gestational age (GA), compared to naturally conceived singletons ([@ref22]; [@ref12]). Some of these adverse outcomes are associated with specific treatment procedures (e.g. duration of embryo culture (to blastocyst) ([@ref20]), embryo freezing ([@ref29]), fertilization method ([@ref33]), etc.) and known patient characteristics such as maternal age ([@ref5]), maternal parity ([@ref47]), ovarian response ([@ref51]) and subfertility diagnosis ([@ref44]). According to the Developmental Origins of Health and Disease's (DOHaD's) hypothesis, IVF occurs during a critical period of developmental plasticity, which could have long-lasting effects on offspring health ([@ref12]; [@ref45]). Environmental influences around the time of conception have the potential to translate into longer-term differences in health outcomes throughout human development. For example, LBW is associated with increased risk of adult disease such as insulin resistance ([@ref40]), type II diabetes ([@ref16]) and cardiovascular diseases ([@ref38]).

The type of culture medium embryos are grown in has been associated with birth weight (BW) in prospective cohort studies ([@ref55]) as well as one prospective randomized controlled trial (RCT) ([@ref24]; [@ref50]). In this first prospective RCT of two commercially available culture media, [@ref24] reported a 158 g difference in BW favouring a medium that was also comparatively associated with lower clinical pregnancy and implantation rates---two measures of IVF treatment efficacy, which are heavily focussed on in public reporting by clinics and the Human Fertilisation and Embryology Authority (HFEA). However, the effects of culture medium and the interaction with closely associated factors in the embryo culture environment, such as oxygen level and incubator type, are largely unknown. Two main types of commercially available culture media are used in routine practice. Sequential (or two-step) media are separated into complementary products: one specifically formulated to support development up to the cleavage stage on Day 3 and the other to support development to blastocyst on Day 5/6. This type of product (first manufactured by Vitrolife) requires the physical movement of embryos from the cleavage step medium to the blastocyst step medium in the context of extended embryo culture. Single-step media (such as LifeGlobal) are formulated to contain all of the components an embryo would require for development from the two pronuclei to blastocyst stage. Embryo culture incubators fall into a number of categories and there is a current lack of well-controlled studies comparing the relative environmental stability of particular incubator types as well as related associations with embryo development, treatment success rates and perinatal outcomes. The so-called 'big box' tissue culture incubator is considered to be the standard or conventional type of incubator. The more modern top-opening multi-chamber bench-top flatbed incubator contains multiple separate culture dish chambers designed to maintain individual stability across all mini-culture environments, temperature, pH, gas and humidity following disturbance for embryo inspection ([@ref52]). Finally, time-lapse (TL) monitoring technology facilitates extended undisturbed embryo culture, allowing for constant monitoring of developing embryos without having to remove them from the incubator's protected environment. Considering the mechanical differences between older versus modern incubator models, including repeated incubator door openings etc., differences in environmental control and recovery are likely to be real; however, the impact of these differences on IVF outcomes is largely unknown ([@ref52]) and the most recent Cochrane review comparing TL systems with standard embryo incubation produced inconclusive results ([@ref1]). Some incubator types are also more amenable to use with low (5--6%) O~2~. Although a protective effect of low versus atmospheric oxygen concentration for embryo culture in terms of improved embryo development and IVF treatment outcomes has been suggested in the literature ([@ref31]; [@ref3]), there is currently a lack of strong evidence due to the presence of numerous confounding factors including incubator type ([@ref13]; [@ref39]).

An understanding of such complex multifactorial associations requires large sample sizes and a diversity of treatments within and between centres, which are not available in most existing cohort studies. It has also been difficult to establish any association between culture media type and treatment success rate ([@ref32]; [@ref8]). The proliferation of commercially available media and lack of detailed information on composition make conventional RCTs difficult and there are few adequately powered randomized trials prior to the introduction of new or revised media compositions ([@ref37]).

In order to reliably investigate the potential effects of IVF laboratory and clinical treatment factors, large multi-centre studies are needed. Such an effort could aid in identifying IVF treatment-related factors that could be altered to both increase success rate and reduce risk and potentially lead to modifications of embryo culture systems in order to optimize and reduce risks arising from IVF treatment in the future.

This study explored both treatment success (occurrence of a live birth per treatment cycle; LBR) as well as the neonatal outcomes (gestation and BW) of IVF-conceived singletons, in association with selected embryo culture system factors (medium type, oxygen level, and incubator type), in a multi-centre UK population, while accounting for known prognostic patient, IVF treatment, and pregnancy-associated factors.

Materials and Methods {#sec2}
=====================

This study was sponsored by the University of Manchester (UoM) and approved by the South East Coast (Surrey) Research Ethics Committee on 7 October 2015 (REC reference number 15/LO/1213).

A National Culture Media Questionnaire (NatCMQ) was developed to capture information describing embryo culture systems within fertility clinics across the UK (Supplementary Data). The main variable of interest was culture medium, with information about incubator type and oxygen exposure level also gathered. These data were then merged with fully anonymized IVF treatment procedure, patient prognostic, and pregnancy outcome data from the HFEA Register to examine the following IVF treatment outcomes: live birth (regardless of multiplicity) (LB), unadjusted BW in singletons, GA and PTB in singletons, and gestation-adjusted BW in singletons.

National survey data {#sec3}
--------------------

All 74 HFEA-licenced fertility clinics in the UK that provided IVF treatment as of 1 January 2011 were invited to participate in the study via the UK Association of Clinical Embryologists (ACE) membership network. The NatCMQ was distributed to all ACE members on behalf of both UoM and University College London (UCL). The responses were received, and the centres were anonymized by J.H. and H.O. at UCL.

A total of 47 clinics submitted a completed NatCMQ. Of these, one clinic was excluded because its responses did not correspond to the study time period, giving an overall response rate of 62%.

Embryo culture system information consisted of culture medium (eight categories: Cook Sequential, Irvine Single-Step, Life Global Single-Step, Medicult/Origio Sequential, Sage Sequential, Vitrolife Sequential, Vitrolife GTL, and more than one medium in parallel), incubator type category, and oxygen exposure level (where atmospheric oxygen was considered as 'high', 5--6% as 'low', and both used concurrently was categorized as 'both in parallel'). Incubators were categorized according to simultaneous use. These consisted of one category indicating the exclusive use of conventional front-opening standard 'box' incubators and eight other categories indicating the exclusive or simultaneous use of three other bench-top types of incubators. The incubator category coding system is described in [Supplementary Table SI](#sup2){ref-type="supplementary-material"}.

Clinical data {#sec4}
-------------

Data from all IVF/ICSI treatment cycles involving the collection of fresh autologous oocytes performed at a participating fertility clinic between 1 January 2011 and 31 December 2013 were extracted from the HFEA register. All centres held current HFEA clinical treatment licences, which require that rigorous quality management systems be in place in line with the EU Tissues and Cells Directive and set out in detail in the HFEA Code of Practice that clinics must abide by. Thus, all laboratories contributing to the study had systems in place to ensure regular service and audit of key equipment function including routine monitoring of temperature, gases, routine analysis of key performance indicators, etc. Cycles where no embryo was created, no embryo transfer (ET) occurred, or PGD was used were excluded. Treatment cycles with missing treatment dates were excluded as these could not be matched to embryo culture system information extracted from the NatCMQ; further exclusions were cycles with implausible treatment dates (e.g. duration of culture, \<0 or \>6 days), missing fertilization method, and where the patient's recorded reason for seeking treatment was 'no male' (i.e. where treatment was undertaken in otherwise fertile women who lacked a male partner). Singletons with BW less than 300 g and greater than 5000 g or GA shorter than 22 and longer than 43 weeks were also excluded as probable data entry errors; these amounted to less than 0.1% of births.

![**NatCMQ exclusion criteria and study sample identification flow chart.** NatCMQ, National Culture Media Questionnaire; LBR, live birth rate; ET, embryo transfer; BW, birth weight; GA, gestational age; SBW, singleton birth weight.](hoz031f1){#f1}

For the analyses of singleton birth outcomes, only those cycles resulting in an LB were considered and all multiple births and births with a reported congenital anomaly or with missing values for key variables (child gender, BW, and GA) were excluded.

Patient characteristics included were patient and partner age, duration of infertility, number of previous fresh cycle IVF attempts, maternal parity, treatment funding source, and infertility diagnosis. IVF treatment procedure factors included fertilization method (IVF or ICSI), number of embryos transferred, and duration of embryo culture (in days), total number of oocytes collected, and viable embryos created, use of ovarian stimulation and the number of gestational sacs detected within 2 months of ET. GA was calculated as the difference in weeks between the ET and delivery dates, plus the number of days in culture, and an additional 2 weeks (average length of time since last menstrual period) consistent with other studies ([@ref49]; [@ref11]).

Study size {#sec5}
----------

This was a national study including all UK clinics providing IVF treatments. The study sample size was determined by the number of clinics that returned a completed NatCMQ and the number of cycles performed at each participating clinic during the study period.

Primary study outcomes {#sec6}
----------------------

An LB was defined as an ET cycle resulting in a single or multiple LB. Patient-reported BW (unadjusted BW) was recorded in grams (g). PTB was defined as \<37 weeks gestation. GA-adjusted BW was derived from unadjusted BW, GA, child gender, and maternal parity using the Gestation-Related Optimal Weight (GROW) formula (<http://www.gestation.net/>) based on standardized foetal growth data, and was centred to a nominal 40-week GA, male gender, and primiparity. Maternal parity was not available for cycles that did not result in an LB.

Statistical analyses {#sec7}
--------------------

All treatment cycles conducted during the study period were assigned a culture medium, incubator category, and oxygen exposure level based on the date of oocyte collection and merged by clinic. The result was a fully anonymized collated dataset containing clinic-level information regarding embryo culture systems used and individual-level IVF treatment procedures performed, patient characteristics, and treatment outcomes. Two analysis datasets were defined: the LBR dataset, in which all LBs are included (expressed per ET cycle), and the analysis of BW in singleton LBs only (the SBW dataset). The dataset selection procedure is illustrated in [Fig. 1](#f1){ref-type="fig"}.

###### Patient and treatment characteristics in a study of embryo culture conditions and ART outcomes.

                                                                      **LBR dataset**               **SBW dataset**                
  ------------------------------------------------------------------- ----------------------------- ----------------- ------------ -------------
                                                                      **Patient Characteristics**                                  
   **Funding Source (NHS Funded)**                                    39 187 (52)                   12 682 (55)       1700 (45)    10 613 (57)
   **Infertility Duration (years)**                                   5 (2.7)                       4 (2.6)           5 (2.7)      4 (2.5)
   **Partner Age (years)**                                            37 (5.8)                      37 (5.6)          37 (5.3)     36 (5.6)
   **Maternal Age (years)**                                           35 (4.5)                      34 (4.2)          34 (3.9)     34 (4.2)
   **Previous IVF Attempts (n)**                                                                                                   
    **0**                                                             39 714 (53)                   13 056 (56)       1669 (45)    10 984 (58)
    **1**                                                             16 456 (22)                   4680 (20)         843 (23)     3698 (20)
    **2**                                                             9236 (12)                     2694 (12)         561 (15)     2046 (11)
    **3+**                                                            9881 (13)                     2737 (12)         664 (18)     1965 (11)
   **Infertility Diagnosis**[^**3**^](#tblfn3){ref-type="table-fn"}                                                                
   **Uterine Factor/Endometriosis**                                   6486 (9)                      1855 (8)          292 (8)      1505 (8)
   **Male Factor**                                                    30 621 (41)                   9833 (42)         1574 (42)    8013 (43)
   **Ovarian/Ovulatory Disorder**                                     11 759 (16)                   3884 (17)         628 (17)     3149 (17)
   **Tubal Disease**                                                  11 538 (15)                   3452 (15)         594 (16)     2752 (15)
                                                                      **Treatment Parameters**                                     
   **Culture Medium**                                                                                                              
    Cook Sequential                                                   11 277 (15)                   3527 (15)         599 (16)     2845 (15)
    Irvine Single Step                                                896 (1)                       272 (1)           32 (1)       228 (1)
    Life Global Single Step                                           4826 (6)                      1622 (7)          267 (7)      1284 (7)
    Medicult/Origio Sequential[^4^](#tblfn4){ref-type="table-fn"}     6701 (9)                      1916 (8)          300 (8)      1523 (8)
    Sage Sequential                                                   32 694 (43)                   10 171 (44)       1762 (47)    8040 (43)
    Vitrolife Sequential                                              12 507 (17)                   3444 (15)         473 (13)     2886 (15)
    Vitrolife G-TL                                                    433 (1)                       133 (\<1)         9 (\<1)      124 (1)
    Tow or more in Parallel                                           5575 (7)                      1975 (9)          275 (7)      1677 (9)
    Missing                                                           368 (1)                       107 (\<1)         20 (\<1)     86 (1)
   **Incubator**                                                                                                                   
    Standard Box Only                                                 24 656 (33)                   7557 (33)         1284 (34)    6109 (33)
    Standard box and BTF1                                             5982 (8)                      1716 (7)          288 (8)      1388 (8)
    Standard box and BTF1/MINC™                                       3934 (5)                      1181 (5)          144 (4)      968 (5)
    Standard box, BTF1, and ES                                        4493 (6)                      1595 (7)          253 (7)      1308 (7)
    Standard box and MINC™                                            9791 (13)                     2769 (12)         416 (11)     2237 (12)
    Standard box and ES                                               5960 (8)                      1808 (8)          211 (6)      1546 (8)
    BTF1 Only                                                         12 636 (17)                   4170 (18)         820 (22)     3159 (17)
    BTF1 and MINC™                                                    279 (\<1)                     93 (\<1)          8 (\<1)      81 (\<1)
    MINC™ Only                                                        6377 (8)                      1945 (9)          261 (7)      1626 (9)
    Missing                                                           1179 (2)                      333 (1)           52 (\<1)     271 (1)
   **Oxygen Exposure Level**                                                                                                       
    Atmospheric (high)                                                14 367 (19)                   4408 (19)         735 (20)     3595 (19)
    5--6% Oxygen (low)                                                46 886 (62)                   14 859 (64)       2444 (65)    11 957 (64)
    Both in parallel (concurrently)                                   13 706 (18)                   3822 (17)         536 (14)     3087 (17)
    Missing                                                           328 (1)                       78 (\<1)          22 (1)       54 (\<1)
   **Total Oocytes Collected (n)**                                    10.2 (5.7)                    11.4 (5.7)        11.7 (5.6)   11 (5.6)
   **Embryos Created (n)**                                            6 (3.9)                       7 (4.0)           7 (4)        7 (3.9)
   **Total Embryos Transferred (n)**                                                                                               
    1                                                                 31 135 (41)                   9935 (43)         146 (4)      9466 (51)
    2                                                                 41 254 (55)                   12 730 (55)       3511 (94)    8834 (47)
    3                                                                 2898 (4)                      502 (2)           80 (2)       393 (2)
   **eSET (versus no eSET)**                                          19 426 (26)                   7367 (32)         108 (3)      7033 (38)
   **Fertilisation Method**                                                                                                        
    IVF                                                               42 913 (57)                   13 176 (57)       2212 (59)    8167 (44)
    ICSI                                                              32 374 (43)                   9991 (43)         1525 (41)    10 526 (56)
   **Ovarian Stimulation (Yes)**                                      74 266 (99)                   23 043 (99)       3727 (99)    18 584 (99)
   **Duration of Culture (Days)**                                                                                                  
    Up to Cleavage Stage (0--3)                                       43 762 (58)                   10 553 (46)       1895 (51)    8319 (45)
    Up to Blastocyst Stage (4--6)                                     31 525 (42)                   12 614 (54)       1842 (49)    10 374 (55)
                                                                      **Pregnancy Outcomes**                                       
   **Previous Live Births (n)**                                                                                                    
    0                                                                                                                              17 118 (92)
    1                                                                                                                              1529 (8)
    2--3                                                                                                                           46 (\<1)
   **Unadjusted BW (g)**                                                                                                           3282 (584)
   **Gestational Age (weeks)**                                                                                                     39 (2)
   **Pre-term Birth (Yes)**                                                                                                        1840 (10)
   **Adjusted BW (g)**                                                                                                             3411 (486)
   **Gender**                                                                                                                      
    **Male**                                                                                                                       9419 (50)
    **Female**                                                                                                                     9274 (50)
   **Number of Sacs Detected**                                                                                                     
    1                                                                                                                              17 906 (96)
    2                                                                                                                              722 (4)
    3                                                                                                                              (\<1)

ET, embryo transfer; LB, live birth; NHS, National Health Service; BTF, bench-top flatbed; ES, EmbryoScope™; eSET, elective single-embryo transfer.

^1^Values are number (column percentage) for categorical variables and mean (SD) for continuous variables unless otherwise stated.

^2^Total Multiple LBs and Singletons do not sum to total Successful LBs because of exclusions made in deriving the SBW subset.

^3^Infertility diagnosis categories are not mutually exclusive, therefore categories do not add up to 100%.

^4^For cleavage stage ET cycles involving embryos cultured in Medicult/Origio Sequential, a small number of embryos cultured using Embryo Assist medium were pooled with a majority that were cultured in ISM1.

Two multivariable logistic regression models were used to estimate the odds of an LB and PTB as binary outcome variables using the LBR and SBW datasets, respectively. Similar multivariable linear regression models predicting unadjusted BW, GA, and GA-adjusted BW as continuous outcome variables were fitted to the SBW dataset. 'Univariable' models predicting each outcome included just the variable of interest (i.e. each available embryo culture, IVF treatment, and prognostic patient characteristic individually) as one covariate and a categorical treatment centre ID variable as a second covariate. The multivariable linear regression models predicting these outcomes included as covariates all embryo culture factors, IVF treatment factors (total oocytes collected, embryos created, days in culture, elective single embryo transfer (eSET), fertilization method, and ovarian stimulation (LBR only)), and patient prognostic characteristic variables (treatment funding source, previous years of infertility, maternal and paternal ages, previous IVF attempts, and infertility diagnosis) as well as clinic site as a categorical variable. Analogous logistic regression models were used to analyse LB and PTB; number of sacs detected was not available for unsuccessful cycles and therefore excluded from the LBR analysis. Ovarian stimulation was excluded from the GA, BW, and PTB analyses due to numbers that were too low to be included in multivariable regression analyses. Non-linear terms (quadratic and cubic) were considered for continuous predictors and included where these reached statistical significance. Global Wald tests for the effects of culture medium, oxygen exposure level, and incubator group were performed to provide an overall test of the effect of each culture variable. A value of *P* \< 0.05 was considered statistically significant. All statistical analyses were performed in Stata (version 13.1; Stata Corporation, College Station, TX, USA).

Results {#sec8}
=======

Study population {#sec9}
----------------

[Table I](#TB1){ref-type="table"} describes characteristics of the patients and treatment parameters for all ET cycles, for LBs (singleton and multiples), as captured in the LBR dataset, and singleton pregnancy outcomes captured in the SBW dataset. [Table II](#TB2){ref-type="table"} shows the total number of centres that reported using each embryo culture system parameter, and the number of cleavage- and blastocyst-stage ETs performed in those centres.

###### The total number of ETs performed and the number of clinic sites for all embryo culture system parameter conditions.

                                   **Cleavage ETs** [^**1**^](#tblfn5){ref-type="table-fn"} ^**,**^ [^**2**^](#tblfn6){ref-type="table-fn"}   **Blastocyst ETs** [^**1**^](#tblfn5){ref-type="table-fn"} ^**,**^ [^**2**^](#tblfn6){ref-type="table-fn"}   **Centres** ^**3**^
  -------------------------------- ---------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ ---------------------
   **Culture Medium**                                                                                                                                                                                                                                      
    Cook Sequential                6172 (55)                                                                                                  5105 (45)                                                                                                    10
    Irvine Single Step             287 (32)                                                                                                   609 (68)                                                                                                     2
    Life Global Single Step        3083 (64)                                                                                                  1743 (36)                                                                                                    5
    Medicult/Origio Sequential     4199 (63)                                                                                                  2502 (37)                                                                                                    4
    Sage Sequential                19 045 (58)                                                                                                13 649 (42)                                                                                                  26
    Vitrolife Sequential           8190 (65)                                                                                                  4317 (35)                                                                                                    14
    Vitrolife G-TL                 105 (24)                                                                                                   338 (76)                                                                                                     1
    Two or more in Parallel        2369 (42)                                                                                                  3206 (58)                                                                                                    10
    Undetermined                   312 (85)                                                                                                   56 (15)                                                                                                      1
   **Incubator Group**                                                                                                                                                                                                                                     
    Standard Box Only              16 179 (66)                                                                                                8477 (34)                                                                                                    26
    BTF1 Only                      6322 (50)                                                                                                  6314 (50)                                                                                                    8
    MINC Only                      3166 (50)                                                                                                  3211 (50)                                                                                                    7
    Standard box and BTF1          3995 (67)                                                                                                  1987 (33)                                                                                                    5
    Standard box and MINC          6227 (64)                                                                                                  3564 (36)                                                                                                    8
    Standard box and ES            2639 (44)                                                                                                  3321 (56)                                                                                                    3
    BTF1 and MINC                  209 (75)                                                                                                   70 (25)                                                                                                      1
    Standard box, BTF1, and MINC   2608 (66)                                                                                                  1326 (34)                                                                                                    2
    Standard box, BTF1, and ES     1524 (34)                                                                                                  2969 (66)                                                                                                    2
    Two or more in parallel        893 (76)                                                                                                   286 (24)                                                                                                     2
   **Oxygen Concentration**                                                                                                                                                                                                                                
    High                           9665 (67)                                                                                                  4702 (33)                                                                                                    11
    Low                            24 851 (53)                                                                                                22 035 (47)                                                                                                  31
    Both in Parallel               9041 (66)                                                                                                  4665 (34)                                                                                                    10
    Undetermined                   205 (63)                                                                                                   123 (37)                                                                                                     1

^1^Values are count (row percentage) for all categories. Values are not mutually exclusive as some centres switched from one category to another within the study period. Therefore, centre totals do not add up to 46.

^2^Values represent all non-missing observations and therefore column totals do not add up to 75 287 (the total number of cycles captured in the LB dataset).

The most widely used culture medium was Sage Sequential, used in more than half of clinics and comprising 443 of all included ET cycles, with Cook sequential (15%) and Vitrolife media (18%) also with substantial representation, such that these three media comprised 75% of the sample. The most commonly used incubator type was the standard box CO~2~ incubator, used in 33% of all ET cycles, with the majority of clinics using these alone or in combination with bench-top incubators. The oxygen exposure level is to a large degree linked to the type of incubator that is in use, as both bench-top flatbed and EmbryoScope™ incubators were designed to minimize environmental disturbances and facilitate a stable and controlled low oxygen concentration environment. A majority of ET cycles captured in this study (62%) involved embryos that were cultured in low oxygen, with 19% of cycles in high oxygen, and 11 centres with only high-oxygen incubators available.

Live birth rate {#sec10}
---------------

[Fig. 2](#f2){ref-type="fig"} shows the covariate-adjusted LBR (LBs per ET cycle) for the three embryo culture system parameters, with the full regression parameters shown in [Supplementary Table SII](#sup2){ref-type="supplementary-material"}. Univariable analyses suggested statistically significant differences in LBR with respect to all three embryo culture system parameters: incubator type, oxygen exposure level, and culture medium, although the LBRs varied only moderately for any parameter, ranging from 25 to 39%. Neither incubator type nor oxygen exposure level remained significantly associated with LBR in the multivariable regression model, indicating that this association may arise from confounding with other treatment variables. However, in the multivariable model, culture media categories significantly differed from one another in terms of LBR (*P* \< 0.001) ([Fig. 2](#f2){ref-type="fig"}). Taking the most widely used medium Sage sequential as the reference, MediCult/Origio Sequential had a significantly lower LBR. Of the cycle and patient factors included in the full model, length of time of embryo culture had the largest effect size, with blastocyst-stage ET associated with higher LBR compared to cleavage-stage ET (odds ratio (OR) = 1.35, 95% CI: 1.29--1.42).

![**Estimated mean LBR by laboratory parameter category.** The LBR per ET for each category of the three primary laboratory parameters; adjusted for patient and treatment characteristics (i.e. derived from the fully adjusted multivariable logistic regression model). Points represent the estimated mean LBR for each subcategory; error bars represent the 95% CI. Red lines indicate the mean LBR for the full sample (0.31).](hoz031f2){#f2}

![**Estimated mean unadjusted BW by laboratory parameter category.** Unadjusted BW by laboratory parameters; adjusted for patient and treatment characteristics (i.e. derived from the fully adjusted multivariable linear regression model). Points represent the estimated mean unadjusted BW value for each subcategory; error bars represent the 95% CI. Red lines indicate the mean unadjusted BW value for the full sample (3282 g).](hoz031f3){#f3}

Singleton BW {#sec11}
------------

### Unadjusted BW {#sec12}

[Fig. 3](#f3){ref-type="fig"} shows the estimated mean unadjusted BW value for each embryo culture system parameter in the multivariable regression model. Full model parameters for both the univariable and multivariable models are given in [Supplementary Table SIII](#sup4){ref-type="supplementary-material"}. None of the embryo culture factors (i.e. culture medium, incubator type, and oxygen exposure level) were statistically associated with unadjusted BW.

### Gestational age {#sec13}

[Fig. 4](#f4){ref-type="fig"} shows the estimated mean GA value for each embryo culture system parameter in the multivariable linear regression model. Full model parameters for both the univariable and multivariable models are given in [Supplementary Table SIV](#sup5){ref-type="supplementary-material"}. Neither culture medium type nor oxygen exposure level was significantly associated with GA (*P* = 0.087 and *P* = 0.338, respectively). However, mean GA did marginally differ between incubator categories (*P* = 0.045). Of the cycle and patient factors included in the full model, blastocyst-stage ET was associated with lower GA (β = −0.15 weeks, 95% CI: --0.23 to −0.06) as was infertility diagnosis (e.g. β = −0.22 weeks, 95% CI: −0.30 to −0.13 for ovarian disorders) and spontaneous foetal reduction from three or two sacs (β = −0.98 weeks, 95% CI: −1.76 to −0.20 and β = −0.75 weeks, 95% CI: 0.91 to −0.59, respectively).

![**Estimated mean GAby laboratory parameter category.** GA by time-dependent laboratory parameters; adjusted for patient and treatment characteristics (i.e. derived from the fully adjusted multivariable linear regression model). Points represent the estimated mean GA value for each subcategory; error bars represent the 95% CI. Red lines indicate the average GA value for the full sample (mean = 39.3 weeks).](hoz031f4){#f4}

![**Estimated mean adjusted BW by laboratory parameter category.** Adjusted BW by embryo culture system parameters; adjusted for patient and treatment characteristics (i.e. derived from the fully adjusted multivariable linear regression model). Points represent estimated mean adjusted BW for each variable category; error bars represent the 95% CI. Red lines indicate the global average adjusted BW value for the full sample (mean = 3410 g).](hoz031f5){#f5}

### PTB {#sec14}

The logistic regression analyses predicting PTB for primary embryo culture and IVF treatment factors are shown in [Supplementary Table SV](#sup6){ref-type="supplementary-material"}. Oxygen level, but not embryo culture media or incubator type, was associated with PTB in the univariable model; however, none of the embryo culture system factors were associated with PTB in the multivariable regression model. PTB was associated with extended embryo culture in both the univariable and multivariable regression model and with eSET in the multivariable model. Singletons conceived from blastocyst-stage ETs were more likely to be born before 37 weeks gestation (OR = 1.42, 95% CI: 1.23--1.63) as compared to those conceived from cleavage-stage ETs, as were those born following diagnosis of all three female-factor diagnoses (uterine factor OR = 1.21, 95% CI: 102--1.45; ovarian disorder OR = 1.18, 95% CI: 1.04--1.35; and tubal disease OR = 1.27, 95% CI: 1.11--1.46), and spontaneous foetal reduction from three or two sacs (OR = 2.37, 95% CI: 0.93--6.01 and OR = 2.2, 95% CI: 1.80--2.72, respectively). In contrast, singletons born from eSET were less likely to be born preterm (OR = 0.86, 95% CI: 0.76--0.98) than those conceived from multiple ET.

### Gestation-adjusted BW {#sec15}

[Fig. 5](#f5){ref-type="fig"} shows an effect plot illustrating the estimated mean adjusted BW value for each embryo culture system parameter in the multivariable linear regression model, with both regression analyses shown with full model parameters in [Supplementary Table SVI](#sup7){ref-type="supplementary-material"}. None of the embryo culture system factors (culture medium, incubator category, or oxygen exposure) were significantly associated with adjusted BW ([Fig. 5](#f5){ref-type="fig"}). However, blastocyst culture was associated with higher adjusted BW (β = 38.9 g, 95% CI: 19.4--58.5 g) compared to cleavage-stage embryo culture ([Supplementary Table SVI](#sup7){ref-type="supplementary-material"}). Vanishing twin syndrome had the largest effect size on adjusted BW, with spontaneous twin and triplet reductions associated with lower average adjusted BW (β = −66.4 g, 95% CI: −103.9 to −28.9 g and β = −321.7 g, 95% CI: −504.4 to −139.0, respectively). Tubal disease, National Health Service (NHS) (versus patient) funding and duration of infertility were also both negatively associated with adjusted BW (β = 34.2 g, 95% CI: 13.3--55.2 g; β = 55.3 g, 95% CI: 37.4--73.2 g; and β = −10.6 g, 95% CI −18.4 to −2.9, respectively).

Discussion {#sec16}
==========

The aim of this study was to capture the range of clinical practice in the UK with respect to the use of embryo culture media, oxygen level, and incubator type in order to examine their impact on neonatal health, measured as gestation length and BW, and success rate, measured as LBR per cycle. Since changes in ART technology tend to be driven by impact on success rates ([@ref17]), the hypothesis was that if embryo culture system factors altered success rate by altering embryo quality, they might also have an impact on neonatal health.

We observed some association between the type of culture medium system used and LBR. MediCult/Origio Sequential medium was associated with a lower average probability of an LB in a fully adjusted regression model. On average, MediCult/Origio sequential medium yielded the lowest LBR compared to at least three other sequential media included in this study (i.e. Cook sequential, Sage sequential, and Vitrolife sequential). Interestingly, the category with the highest observed LBR was that of two or more in parallel, suggesting that the simultaneous use of more than one medium in side-by-side comparisons may be beneficial in terms of success rates. Thus, our findings add to the literature, which has previously failed to show a consistent advantage of one media type over another ([@ref32]; [@ref8]; [@ref46]; [@ref10]). It is also of note that despite careful quality control of embryo culture conditions as mandated in the UK by the HFEA Code of Practice and comprehensive adjustment for confounders and embryo culture conditions as far as possible (including testing non-linear terms), there were still significant unexplained differences between clinic centres in the fully adjusted regression models. The analysis showed statistically significant differences between clinics with reference to all of the outcomes studied (LBR, and mean unadjusted and adjusted BW) except PTB. This indicates that despite including all available patients, IVF treatment, and pregnancy outcome covariates, there remained unobserved clinic-specific factors associated with these outcomes that we could not account for in our statistical models.

Previous studies have observed a beneficial effect of low oxygen tension (5% O~2~) on odds of a live birth ([@ref36]; [@ref23]). In our study, although low oxygen exposure was associated with increased LBR in the univariable analysis, this effect was not statistically significant in the multivariable regression model. This may be because oxygen concentration is linked to, and therefore confounded with, incubator type; therefore, adjusting for incubator category may indirectly control for this effect.

None of the embryo culture parameters were statistically associated with unadjusted BW, GA, or adjusted BW in the corresponding multivariable regression models. However, the power to detect differences was limited as, despite the large number of cycles and births, there were relatively few informative changes of culture conditions within centres and, after adjusting for centre effects, many of the comparisons of interest were based on relatively small numbers. Therefore, we cannot draw definitive conclusions about any relationship between the embryo culture factors included here and PTB and/or singleton BW as small, but clinically important effects would not have been detected. We further note that the particular media comparisons, which have been shown to have an impact on BW in previous RCTs ([@ref55]; [@ref24]), were not present in our data.

In terms of adjusted BW, the magnitude of clinic effect sizes ranged from −199 g to 186 g. This represents a significant effect of the clinic site on BW and therefore long-term offspring health and suggests that further research is required on datasets containing more detailed covariates and more changes within centres over a longer timeframe.

Although none of the three embryo culture factors analysed was associated with LBR, GA, or BW, the length of time which embryos were kept in those culture conditions was significant. Blastocyst culture had the largest observed effect on LBR compared to cleavage-stage embryo culture, consistent with extensive previous literature ([@ref2]; [@ref15]). We were not able to analyse frozen embryo transfer (FET) cycles or cumulative pregnancy rate due to the limited duration of our study. However, previous studies have suggested that although extended embryo culture yields higher success rates per fresh ET, it results in lower cumulative success rates when all embryos (fresh and thawed) are transferred. This is consistent with extended embryo culture being a useful but crude selection method, which results in loss of viable embryos ([@ref14]). Blastocyst-stage ET was also associated with higher risk of PTB in our study, as observed in other previous studies ([@ref28]; [@ref9]; [@ref6]). Notably, the effect of blastocyst culture on PTB was evident even when controlling for oxygen tension used, in contrast to previous suggestions ([@ref13]). Blastocyst ET was also associated with higher adjusted BW. Other studies have also observed an association between blastocyst transfer and BW ([@ref57]; [@ref21]), while others have not been able to show a difference ([@ref53]; [@ref6]; [@ref34]). Although the magnitude of this increase in BW observed was relatively small, it is similar to that seen from FET cycles ([@ref29]). High-BW babies are reminiscent of Large Offspring Syndrome seen in animals exposed to blastocyst culture ([@ref54]; [@ref35]) and high BW (e.g. macrosomia and LGA) status carries its own health risks, so this effect requires further consideration and monitoring ([@ref29]).

We also noted a significant effect of the number of embryos transferred and implanting on the neonatal health of a surviving singleton. Reduction in foetal sacs from three or two (vanishing twin syndrome) resulted in decreases in BW and GA, and an increase in PTB, whereas transfer of a single embryo (eSET) reduced PTB. This finding further supports the benefits of SET instead of multiple ET, in line with existing literature where the risks of vanishing twin syndrome have also been observed ([@ref25]; [@ref18]; [@ref27]). Specific infertility diagnoses, especially ovarian disorders, were associated with small effects on GA, PTB, and BW, and NHS-funded patients had slightly heavier babies.

Limitations {#sec17}
-----------

The moderate response rate at 60% of all UK clinics limits the generalizability of results. Since detailed data regarding the embryo culture environment were not recorded at the individual cycle or embryo level, only clinic-level information was available. Therefore, it was not always possible to determine exactly which embryos were cultured in a certain media that went into a particular incubator with a certain oxygen exposure level when different types of each of these factors were in use simultaneously in a given clinic. This situation resulted in the inclusion of 'parallel' categories of culture medium, incubator, and oxygen exposure so as not to have to exclude these observations.

Given the observed statistically significant clinic site effects, more information regarding the use of embryo culture systems (such as medium equilibration, humid versus dry incubation, culture platform, medium to oil supplement ratio, etc.) could potentially account for some clinic-level differences. For example, one study observed an association between BW and protein source supplementation when comparing neonates resulting from embryos cultured in media from the same manufacturer ([@ref56]).

Likewise, we were unable to collect patient-level clinical treatment information regarding controlled ovarian stimulation, such as the ovulation induction protocol, drug selection and dosage, trigger criteria, and measures of ovarian response. For example, elevated peak oestradiol levels, which are known to alter endometrial gene expression and narrow the window of implantation ([@ref4]), are associated with increased miscarriage rates and low birth rates ([@ref48]); this suggests that the oestrogen-dominated endometrium may be less receptive to embryos, reducing the success rate of fresh ET. Moreover, the resulting sub-optimal peri-implantation maternal environment may also lead to effects on the embryo and placenta ([@ref7]), leading to altered foetal growth, and BW ([@ref43]).

Furthermore, additional characteristics of the patients and a longer study period capturing more changes in embryo culture systems would improve future studies. It is also possible that additional and potentially influential confounders exist, which are not in the routinely collected data: ethnicity, maternal and paternal height/weight, and pre-existing health conditions would certainly be among the candidates.

Therefore, given the large impact of clinic site on BW that we report here, we believe that it is now imperative that national registries contain more detailed information on culture environment variables, in line with previous ([@ref50]) and recent ([@ref26]) suggestions. However, definitive RCTs are also needed in order to reliably determine the effect of embryo culture on IVF success rates and the growth and health of subsequent offspring.

Conclusion {#sec18}
==========

This study is the largest UK-based investigation of the effect of culture medium and associated factors on IVF treatment outcome and singleton BW. Some impact of culture media type on IVF success is shown, but the possible effects of laboratory environmental influences on singleton BW appear to be confounded with treating clinic centre. Future RCTs are needed together with routine collection of more detailed data in order to unravel these potential effects on the health of IVF conceived offspring.
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